Abstract The drilling of galleries induces damage propagation in the surrounding medium and creates, around them, the excavation damaged zone (EDZ). The prediction of the extension and fracture structure of this zone remains a major issue, especially in the context of underground nuclear waste storage. Experimental studies on geomaterials indicate that localised deformation in shear band mode usually appears prior to fractures. Thus, the excavation damaged zone can be modelled by considering the development of shear strain localisation bands. In the classical finite element framework, strain localisation suffers a mesh-dependency problem. Therefore, an enhanced model with a regularisation method is required to correctly model the strain localisation behaviour. Among the existing methods, we choose the coupled local second gradient model. We extend it to unsaturated conditions and we include the solid grain compressibility. Furthermore, air ventilation inside underground galleries engenders a rockatmosphere interaction that could influence the damaged zone. This interaction has to be investigated in order to predict the damaged zone behaviour. Finally, a hydromechanical modelling of a gallery excavation in claystone is presented and leads to a fairly good representation of the EDZ. The main objectives of this study are to model the fractures by considering shear strain localisation bands, and to investigate if an isotropic model accurately reproduces the in situ measurements. The numerical results provide information about the damaged zone extension, structure and behaviour that are in very good agreement with in situ measurements and observations. For instance, the strain localisation bands that develop in chevron pattern during the excavation and rock desaturation, due to air ventilation, are observed close to the gallery.
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List of symbols

General notations a t
Current configuration of quantity a at a given time t _ a Time variation of quantity a da Time variation of quantity a between two given times for iterative procedures a Ã Virtual quantity a The currently considered solution for long-term management of radioactive waste is the repository in deep geological media that provide satisfactory confining properties. Due to their low permeability, different formations can be used as natural barriers to isolate long-lived radioactive waste with high and medium activity. To investigate the feasibility of a safe repository in these geological media, many underground research laboratories (URL) are being developed around the world (Kickmaier and McKinley 1997) , for instance in argillaceous (Félix et al. 1996; Delay et al. 2007; Neerdael and Boyazis 1997; Croisé et al. 2004) , granite (Bäckblom 1991; Gens et al. 1998 ) and salt formations (Langer 1999; Behlau and Mingerzahn 2001) .
Greek letters
At the repository scale, the drilling of galleries, which compose underground structures for radioactive waste repository and URL, induces stress redistribution that triggers damage and crack propagation. This generates the development of the excavation damaged zone (EDZ), which is characterised by modified rock properties. These property modifications, such as permeability increase (Bossart et al. 2002) , could alter the safety function of the rock in the case of a nuclear waste repository. The damaged zone can also be influenced by rock-atmosphere interactions due to air ventilation usually performed inside the galleries. Consequently, it is obvious that understanding and predicting the behaviour of the excavation damaged zone is a major issue nowadays (Blümling et al. 2007) .
Experimental studies, on small and large scales, highlight that the damage around underground galleries develops as cracks, and that strain localisation in shear band mode can lead to fractures (see Sect. 2.1). In the classical finite element framework, the strain localisation is mesh-dependent, and thus an enhanced model is needed to correctly represent the localisation behaviour (Bésuelle et al. 2006) . To this end, we choose to use the coupled local second gradient model, which includes an enrichment of the continuum with microstructure effects (Chambon et al. 2001) . We extend the coupled problem to unsaturated conditions and include the compressibility of the solid grains through the Biot's coefficient (see Sects. 3 and 4) .
In this particular study, we consider Callovo-Oxfordian claystone as the host material. This argillaceous rock surrounds the underground research laboratory of the French national radioactive waste management agency, Andra, which is located in Bure, Meuse/Haute-Marne, France (Andra 2005). Many in situ observations and measurements of fractures are conducted in the vicinity of this laboratory. To characterise the damaged zone, we are especially interested in the fractures that are located at the front of and around experimental galleries. These fractures are described in Armand et al. (2014) and Cruchaudet et al. (2010b) . Their measurements provide the extension of the EDZ and a description of the fracturing pattern, including the type of fractures.
Firstly, we define the excavation damaged zone by focusing on evidences of the mechanical fracturing and soil-atmosphere interaction (see Sect. 2). Then, the coupled local second gradient model and the other constitutive models are detailed under unsaturated conditions (see Sects. 3 and 4). Finally, we numerically model a gallery excavation in order to reproduce the development of the EDZ at a nuclear waste repository scale (see Sects. 5 and 6). Shear strain localisation in bands mode represents the fractures in the damaged zone, and the ventilation process is modelled to investigate the possible desaturation of the rock. Particular attention is paid to the prediction of the EDZ extension and fracturing structure, as well as to the influence of the gallery ventilation.
Many studies on claystone have been performed with two-dimensional isotropic models. Our purpose is to investigate if this type of model can reproduce in situ observations and measurements by incorporating fracture modelling with strain localisation. This type of modelling, especially at large repository scale and including solid grain compressibility as well as rock desaturation, has not recently been widely performed. Therefore, it is a major novelty of this study. The unsaturated condition and the compressibility of the material are incorporated in the second gradient model developed by Collin et al. (2006) for incompressible saturated multiphasic medium. These novelties are implemented in the non-linear finite element code Lagamine developed at the University of Liège (Charlier 1987; Collin 2003) , which is used to perform the modelling.
Fracturing Evidences
Mechanical Fracturing and Excavation Damaged Zone
Stress redistribution in materials engenders damage that can be either diffused or localised and can induce fracturing. When the damage threshold is reached, micro-cracks initiate, then accumulate, propagate (distributed damage), and can lead to the onset of macro-cracks (interconnected fractures). Different modes of fractures exist: opening or tensile fractures, shear fractures and mixed-mode fractures, which are a combination of the two previous modes (Jenq and Shah 1988) . Geomaterials such as rocks and soils have low tensile strength, thus tensile rupture is arduous to characterise. On the other hand, compression laboratory tests allow for characterisation of the compression material behaviour until the rupture. On a small scale, numerous experimental studies performed on geomaterials are devoted to strain localisation, which corresponds to the accumulation of large shear strain in limited zones (Vardoulakis et al. 1978; Finno et al. 1996 Finno et al. , 1997 Han and Drescher 1993; Alshibli et al. 2003) . They are mainly performed on a biaxial apparatus and they involve special techniques, such as X-ray microtomography, three-dimensional digital image correlation (Lenoir et al. 2007 ) and stereophotogrammetry (Desrues and Viggiani 2004) , to study the evolution of the strain localisation processes. These experimental studies indicate that strain localisation in shear band mode is frequently observed (Fig. 1 ) and leads to rupture. In fact, stress peaks in stressstrain curves correspond to the establishment of a shear band (Desrues 2005; Mokni and Desrues 1999) . Therefore, the post peak or post localisation behaviour is important and needs to be properly modelled.
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On a large scale, the gallery excavation process induces in situ stress perturbations that engender damage propagation. Diederichs (2003) indicates that damage accumulation leads to three distinct rock mass brittle failure mechanisms that can occur around underground galleries: macro-scale shear failure in the case of high-stress environment, spalling in the case of low-stress environment, and unravelling, which corresponds to tensile failure (Fig. 2) . The author also mentions that dilating cracks appear close to the excavation wall because it is not restrained. Similar failure mechanisms are observed on small-scale laboratory tests. An excavation damaged zone composed of distributed damage and possible macro-scale fracturing then develops close to the drift wall. Emsley et al. (1997) and Tsang and Bernier (2004) define it as a zone dominated by geochemical and hydro-mechanical property changes that are mainly irreversible and which induce important modifications in flow and transport properties (Bossart et al. 2002; Tsang et al. 2005; Armand et al. 2007 ), such as permeability increase (Fig. 3) . These property modifications could alter the safety function of the rock; therefore, EDZ behaviour is a major issue concerning the long-term management of nuclear waste repositories.
Focusing on the Callovo-Oxfordian claystone, in situ measurements and observations of fractures in the rock surrounding the Andra URL are conducted to characterise the EDZ. Let us consider the GED experimental gallery, which is oriented in the direction of the minor horizontal principal stress. Armand et al. (2014) and Cruchaudet et al. (2010b) indicate that chevron fractures are noticeable around and at the front of this gallery, as illustrated in Fig. 4 . This fracturing structure is similar to the one observed by Blümling et al. (2007) around a gallery drilled in Boom clay. The extension of the fractured zone can be split in two sub-zones as shown in Fig. 5 : a zone with mixed fractures (shear and tensile) close to the gallery and a zone with only shear fractures further in the rock. Along the gallery, the extension of the total fractured zone is about 0.6 to 1.1 times the gallery diameter in the vertical direction and \0.1 diameter in the horizontal direction. Bossart et al. (2002) 2.2 Soil-Atmosphere Interaction When a material is in contact with the atmosphere, transfers between them take place. For porous materials like soils, gaseous (water vapour) transfers occur and may significantly modify the water saturation, especially close to the contact interface. These transfers occur in the case that water vapour reaches the contact interface. This is realised by fluid transfers (gas flows) inside the material that are mainly governed by capillary forces. These interface exchanges have to be carefully studied, because if they lead to the drainage and the desaturation of a material, they can create shrinkage or even desiccation fracturing (Peron et al. 2009a, b) .
Different laboratory tests are developed on a small scale to study material evolution due to material-atmosphere interaction. In classical techniques, derived from chemical engineering methods, the suction in the material is controlled. One technique is to control the vapour phase by submitting samples to a relative humidity regulated with salt solutions in a desiccator (Delage et al. 1998; Romero et al. 2001; Young 1967) . Another technique that reproduces air circulation is the convective drying test, during which air is blown at the material surface (Ta 2009; Gerard et al. 2010; Léonard et al. 2005) . Generally, the relative humidity, the temperature and the speed of the air are controlled during the drying. For example, Fig. 6 shows the result of a drying test that leads to the fracturing of a clay. In addition, an efficient tool to characterise crack development and evolution during a drying test performed on a small-scale sample is X-ray microtomography coupled to image analysis (Léonard et al. 2002 (Léonard et al. , 2003 . It also allows the determination of internal moisture profiles and geometrical parameter changes that describe the shrinkage process.
On a repository scale, air ventilation is usually realised in the galleries composing underground structures during the excavation and maintenance phases. This could influence the short-term behaviour of underground repository structures. In fact, ventilation may drain the water from the rock, which could influence the kinetics of desaturation as well as the stress field at the drift wall if drainage is important. Consequently, ventilation could affect the damaged zone (Matray et al. 2007 ) by modifying its fracturing structure, size, and properties. To study the influence of rock-atmosphere interactions, ventilation tests are performed in URL. For instance, a ventilation test called SDZ is carried out by Andra (Cruchaudet et al. 2010a) in France and the VE experiment is performed at the Mont Terri underground laboratory in Switzerland (Mayor et al. 2007 ). The aim of these tests is to characterise the influence of controlled ventilation in an experimental gallery on the hydro-mechanical behaviour of the rock mass and the damaged zone. The desaturation process, the permeability and the deformation of the surrounding clay rock are most particularly studied during the tests. These experiments indicate a parallelism between geological measurements of fractures and hydraulic measurements. In particular, open fractures that are connected to the gallery present modifications of the rock hydraulic characteristics and could therefore constitute a preferential flow path. The tensile fractures that develop close to the gallery wall induce an increase of permeability that is not homogeneous in the damaged zone. Moreover, measurements of pore water pressure and water content in the rock close and far away from the gallery indicate that air ventilation induces a desaturation in a layer a few decimetres thick around the gallery (Charlier et al. 2013) . These experimental studies on soil-atmosphere interaction, on small and large scales, emphasise the effect of shrinkage and desiccation on cracking. They also give the general context and the potential applications of the present study. In the present study, the fractures are modelled, and the effect of gallery ventilation and rock-atmosphere interaction on the cracks structure is taken into account in the hydro-mechanical model. However, the coupling with permeability is not addressed.
Coupled Local Second Gradient Model in Unsaturated Conditions
The fracturing evidence presented in the previous section highlights that damage around underground galleries develops as cracks and that strain localisation, mainly in shear band mode, appears prior to the fracture. Within the classical finite element framework, strain localisation depends on the mesh size and orientation Pietruszczak and Mróz 1981; Wu and Wang 2010; Zervos et al. 2001b ). An enhanced model, introducing an internal length scale, is therefore necessary to accurately model the post peak and localisation behaviour. Different regularisation approaches exist and can be distinguished into two main categories. In the first one, the constitutive law is enriched. The internal length scale is introduced in the constitutive model. As examples, we can mention the gradient plasticity, which introduces a gradient of internal variables (Aifantis 1984; de Borst and Mühlhaus 1992; Peerlings et al. 1996a) , and the non-local approaches (Bazant et al. 1984; Pijaudier-Cabot and Bazant 1987; Peerlings et al. 1996b) , which are based on the use of non-local internal variables. In the second category, kinematics are enriched. Within the scope of these methods, the continuum is enriched with microstructure effects: kinematics include the classical ones, the macrokinematics, and the microkinematics (Toupin 1962; Mindlin 1964; Germain 1973 ). Cosserat's model is one of the most famous (Cosserat and Cosserat 1909) . Among the existing regularisation methods with kinematics enrichment, the local second gradient model (Chambon et al. 1998 (Chambon et al. , 2001 ) is chosen. Geomaterials, like soils and claystone in this particular study, are porous media usually treated as the superposition of several continua (based on a mixture theory) as described by Coussy (2004) . The different phases are the solid phase, composed of the grain assembly that forms the solid skeleton, and the pore fluids. The porous space between the solid grains is filled with two fluids: a wetting fluid corresponding to the liquid phase, generally water, and a nonwetting fluid corresponding to the gaseous phase, generally air. These phases are considered as immiscible, and phase changes like evaporation are not taken into account. Unsaturated condition is considered; however, a constant gas pressure is assumed.
Balance Equations
The balance equations can be written for both phases, or for the mixture and one of the phases. We chose the second way, and we write the balance equations for the current porous material configuration, and for unit volume X t . The strain and rotation at microscale are described by a microkinematic gradient field, t ij , within the context of microstructure continuum theory. Consequently, additional terms are added to the classical continuum mechanics through the internal virtual work principle. For a monophasic material with the current configuration X t and for every kinematically admissible virtual displacement field u Ã i , the internal virtual work reads (Germain 1973) :
where r ij is the Cauchy stress field, t
is the virtual macrodeformation gradient, s ij is an additional stress associated to the microstructure, also called the microstress, h
is the virtual micro second gradient and R ijk ; which needs an additional constitutive law, is the double stress dual of the virtual micro second gradient. On the other hand, the external virtual work reads:
where t i is the classical external traction force per unit area, T i is an additional external double force per unit area, both applied on a part C t r of the boundary of
normal derivative and is given as Du
The hypothesis of equality between the microkinematic and macrodeformation gradients is realised,
, and is introduced through a field of Lagrange multipliers k ij (Chambon et al. 1998) . The momentum balance equation is obtained from the equality between internal and external virtual works and reads in a weak form:
The second gradient theory was extended from monophasic to multiphasic medium by Collin et al. (2006) . The previous equations remain valid, provided we define r ij as Terzaghi's total stress and assuming that the double stress R ijk is independent of the pore water pressure. In addition to Eqs. (3) and (4), and for every kinematically admissible virtual pore water pressure field p Ã w , the fluid mass balance equation is defined in a weak form:
where m w;i is the water mass flow, _ M w is the water mass variation, Q t is a water sink term and C t q is the part of the boundary where the input water mass per unit area " q t is prescribed. Collin et al. (2006) describe the coupled problem under saturated conditions for a porous material fully saturated with water. In the present study, we extend the model to unsaturated conditions with a constant gas pressure and introduce the compressibility of the solid grain skeleton through Biot's coefficient. The total stress field is defined according to Bishop's postulate (Nuth and Laloui 2008) , which corresponds to Biot's definition and takes into account partial saturation:
where r 0 ij is the Bishop's effective stress field, b is Biot's coefficient, S r;w is the water degree of saturation, p w is the pore water pressure with p w \0 if suction, d ij is the Kronecker symbol. In Eq. (6), the stress field is defined under material mechanics convention in which compressive stress is negative.
Solid and Fluid Phases Behaviour
We further develop Eq. (5) by including the solid and fluid phases behaviour. For the fluid phase, a flow model is required to reproduce water transfer in partially saturated porous media. The fluid mass flow reads:
where q w is the water density and q w;i is the average speed of the liquid phase relative to the solid phase. The advection of the liquid phase is modelled by Darcy's flow:
where k ij is the intrinsic hydraulic permeability tensor, k r;w is the relative water permeability, which depends on the water degree of saturation, and l w is the water dynamic viscosity. The fluid mass inside a porous material volume X corresponds to:
where n is the material porosity. The time variation of the fluid mass reads:
The isotropic compressibility of the fluid follows the relation:
where 1=v w is the water compressibility. Considering now the solid phase behaviour (Detournay and Cheng 1993; Coussy 2004) , the solid density variation is linked to the variation of pore water pressure and mean effective stress:
where q s is the solid grain density, K s is the isotropic bulk modulus of the solid grains and r 0 is Bishop's mean effective stress. The isotropic bulk modulus of the solid grains is calculated from the drained bulk modulus of the poroelastic material K and Biot's coefficient, which represents the compressibility of the solid grain skeleton:
where E and m are the drained Young's modulus and the drained Poisson's ratio respectively. The porosity time variation is defined by (Coussy 2004) :
Using Shear Strain Localisation to Model the Excavation Damaged Zone 697
where _ v is the time variation of the volumetric strain v ¼ ij d ij ¼ ii , ij being the total strain tensor.
Finally, the time variation of the fluid mass detailed in Eq. (10) becomes, by including the fluid mass behaviour of Eq. (11), the porosity variation of Eq. (15) and considering an unit volume X:
Iterative Procedures for the Coupled Finite Element Formulation
Since the previous balance equations are not numerically verified for any instant t, it is necessary to discretise in time steps Dt, which leads to two configurations. One configuration, X t , is in equilibrium with the boundary conditions at a given time t and the other, X s , is not at equilibrium at a time s ¼ t þ Dt. The aim is to determine the new configuration at the end of the time step. This solution, which is not at equilibrium, is guessed and denoted as X s1 . Both configurations at time t and s1 are assumed to be known, and residuals, i.e., non-equilibrium forces,
S and D s1 W are defined. The objective then is to find another configuration X s2 , close to X s1 , for which the non-equilibrium forces vanish. Subtracting the balance equations of the two configurations, rewriting the equations for X s2 in X s1 configuration, assuming that t i , q and Q are position independent and assuming that T i vanishes, gives:
where detF is the Jacobian of F ij :
By making the two configurations tend towards each other, the variations between them can be defined as follows:
r;w dp
The balance equations can be rewritten by taking into account the above variations. A convenient formulation of the coupled finite element problem is to write the equations in matricial form in order to define the stiffness (tangent) matrix:
The matrices U Collin et al. (2006) . The stiffness matrix is defined as follow: 
The stiffness matrices of the coupling between the flow and the mechanical problems are: 
Constitutive Models
Constitutive models and their parameters are required to study the numerical application of a gallery drilling in the Callovo-Oxfordian claystone. These models are: firstly, a model for the classical mechanical part, also called the first gradient mechanical law, then a model for the enriched part, called the second gradient mechanical law, and finally, a flow model. The latter is completed by the definition of the retention and water relative permeability curves.
First Gradient Mechanical Law
The constitutive mechanical law used for the clayey rock is a non-associated elastoplastic internal friction model with linear elasticity and a Drucker-Prager yield surface (Fig. 7) . Moreover, this mechanical model is affected by suction. Under soil mechanics convention, in which compressive stress is positive, the yield surface equation reads:
where I r is the first stress invariant, IIr is the second deviatoric stress invariant, / c is the compression friction angle, c is the cohesion and m is a parameter of the yield surface. The first and second stress invariants are given by:
wherer ij is the deviatoric stress tensor:
The parameter m is defined as follow:
Laboratory experiments put in evidence that water content and desaturation influence the behaviour of clayey rock. The material suction has an influence on the elastic and plastic properties of claystone; it induces an increase of resistance. Experimental results from Zhang et al. (2013) indicate an evolution of Young's modulus and uniaxial compression strength, R c , with the relative humidity, RH. The latter is linked to suction through Kelvin's law (Eq. 59) and the uniaxial compression strength is linked to material cohesion through the following relation:
Following the work of Zhang et al. (2013) and assuming no evolution of the friction angle with the suction, linear evolutions of Young's modulus and cohesion with capillary pressure p c are introduced in the model, for p c [ 0:
where E sat is the saturated Young's modulus, c sat is the saturated cohesion, R c;sat is the saturated uniaxial compression strength, p c is the capillary pressure corresponding to the matric suction p c ¼ p g À p w and p g is the gas pressure. Furthermore, b E and b c are two parameters determined from experimental data and by the classic least squares fitting procedure (Table 1) . The model allows considering friction angle and cohesion isotropic hardening and/or softening as a function of Von Mises' equivalent plastic strain p eq (Fig. 8) . This equivalent plastic strain is defined as follow:
where p ij is the deviatoric plastic strain tensor calculated from the plastic strain tensor
Hyperbolic functions are used for the hardening/softening (Barnichon 1998) :
where / c;0 and / c;f are the initial and final compression friction angles, c 0 and c f are the initial and final saturated cohesions, and the coefficients B / and B c are the values of the equivalent plastic strain for which half of the hardening/softening on friction angle and cohesion is achieved.
Second Gradient Mechanical Law
The second gradient law gives the double stress as a function of the micro second gradient. It is a linear elastic law with an isotropic linear relationship deduced from Mindlin (1965) :
R 222 2 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 7 7 7 7 5 ¼ D ox 2 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 It depends on one constitutive elastic parameter D that represents the physical microstructure. The internal length scale relevant for the shear band width is related to this parameter (Chambon et al. 1998; Kotronis et al. 2007 ). In Eq. (52), _ t ij is the time derivative of t ij andR ijk is the Jaumann double stress rate :
where _ R ijk is the time derivative of R ijk , which is independent of the pore water pressure, and x ij is the spin tensor.
Retention and Water Relative Permeability Curves
The retention curve is given by van Genuchten's model from van Genuchten (1980):
where S res and S max are the residual and maximum water degree of saturation respectively, N and M ¼ 1 À 1 N are the coefficients of van Genuchten's model and P r is the air entry pressure. The water relative permeability curve is given by Mualem-van Genuchten's model (van Genuchten 1980):
Mechanical and Hydraulic Parameters
The hydro-mechanical parameters of the Callovo-Oxfordian claystone needed for the models come mainly from Charlier et al. (2013) . In this article, the authors present a synthesis of the main parameters obtained from laboratory testing and from the literature. The parameters of van Genuchten's model also come from experimental data fitting (Fig. 9 ). All the parameters values are detailed in Tables 1 and 2 .
Numerical Simulations
A hydro-mechanical modelling of a gallery excavation is performed in a two-dimensional plane strain state. It takes into account the hydraulic permeability anisotropy (Table 2 ) and the initial anisotropic stress state corresponding to a gallery of the Andra URL drilled in CallovoOxfordian claystone ): where p w;0 is the initial pore water pressure, r y;0 is the vertical principal total stress, r z;0 is the minor horizontal principal total stress and r x;0 is the major horizontal principal total stress. The modelled gallery has a radius of 2.3 (m), is oriented in the direction of the minor horizontal principal stress, and gravity is not taken into account in this model. A schematic representation of the models, the meshes and the boundary conditions is detailed in Fig. 10 . Two meshes are used: a full gallery and a quarter of a gallery. The mesh extension of the full gallery is 120 m, both horizontally and vertically, and the discretization is performed with a total of 29,040 nodes and 7,440 elements. The initial stresses and pore water pressure are imposed at the mesh external boundary. Assuming symmetry along the x-and y-axes, only one quarter of the gallery can be discretised. In this case, the mesh extension is 60 m, both horizontally and vertically, and the discretization is performed with a total of 9,801 nodes and 2,480 elements. The initial stresses and pore water pressure are also imposed at the mesh external boundary and both meshes have a more refined discretization close to the gallery. To establish symmetry, the normal displacements and water flow are blocked to a value of zero along the symmetry axes, which are therefore impervious. Nonetheless, as mentioned by Zervos et al. (2001a) , special care must be brought to the kinematics boundary conditions required to establish the symmetry. Due to the existence of gradient terms in the equilibrium equations, higher order constraints have to be characterised in addition to the classical boundary condition on the normal displacements. This second kinematic condition requires that the radial displacement u r must be symmetric on both sides of the symmetry axes. This implies that the normal derivative of u r , with respect to the tangential direction h, has to cancel:
which is equivalent to:
In order to correctly represent the fractures, the internal length scale inherent to the second gradient mechanical law has to be characterised. As mentioned in Sect. 4.2, the internal length scale is related to the second gradient elastic parameter D, but the mesh is independent of it. The mesh independency has been illustrated by Collin et al. (2006) . However, to have a better numerical precision of the post localisation plastic behaviour inside the shear localisation band, it has been shown that at least three elements are required within the band. This is the case not only for second gradient model, but also for other regularization techniques, such as gradient plasticity or non-local formulation. Finally, a value of D = 5,000 N is used (Table 1) in the modelling. The gallery excavation can now be considered. It is executed in 5 days, during which the total stresses and the pore water pressure at the gallery wall decrease from their initial values to the atmospheric pressure of 100 kPa. Then, the calculation is extended to 1,000 days under constant stress, to highlight possible transient effects (Fig. 11) .
To model the air ventilation inside the gallery, it is assumed that at the gallery wall, the liquid water inside the rock is in equilibrium with the water vapour of the gallery air. This assumption derives from the fact that inside a porous media, if both gaseous and liquid phases are considered in the pores, then both phases of the water, the water vapour and the liquid water, should be in equilibrium. The balance equation that expresses this equilibrium is Kelvin's law, which gives the concentration of water vapour in the gas phase as:
where RH is the air relative humidity, p v is the partial pressure of water vapour, p v;0 is the pressure of saturated water vapour, M v is the molar mass of water vapour M v ¼ 0:018 kg=mol, R is the gas constant R ¼ 8:314 J=mol K and T is the absolute temperature expressed in Kelvin. The air temperature is chosen based on Andra's measurements performed during an in situ ventilation experiment detailed in Cruchaudet et al. (2010a) . An average value of 25 C [T ¼ 298:15 K] is adopted. Fig. 10 Schematic representation of the model used for the modelling of a gallery excavation: full gallery (top), quarter of a gallery (bottom) Fig. 11 Imposed total stresses and pore water pressure at the gallery wall, for the modelling of a gallery excavation with and without air ventilation Two cases are considered for the air inside the gallery (Fig. 11) . In the first case, there is no ventilation inside the gallery, thus the air is saturated with water vapour and this maximum concentration corresponds to RH ¼ 100 %: According to Kelvin's law, the corresponding pore water pressure at the gallery wall is the atmospheric pressure p w ¼ p g ¼ 100 kPa: The pore water pressure is then maintained constant after the end of the excavation and the claystone will remain almost saturated. In the second case, air ventilation is taken into account, since ventilation is usually realised in the galleries composing underground structures. It may drain water from the rock, desaturate it and modify the structure, the fracturing pattern as well as the size of the damaged zone. Air ventilation can thus be modelled in order to observe its effects on the rock material. The air that is injected in the gallery is dryer than previously and we consider a lower relative humidity of 80 %: Following Eq. (59), this humidity corresponds to a pore water pressure at gallery wall of p w ¼ À30:7 MPa: To reach this value, the decrease of p w is performed in two steps: firstly, it decreases from its initial value to the atmospheric pressure during the excavation (5 days), and then, an initiation phase of ventilation is considered (5 days) to reach the final value. After this initiation phase, a constant ventilation is maintained. The imposed total stresses and pore water pressure evolution at the gallery wall are presented in Fig. 11 for the two considered cases. It is worth mentioning that the ventilation effect on the fractures is therefore represented through the hydromechanical model. In fact, the ventilation influences the pore water pressures and the effective stresses, which then influence the shear strain localisation structure and behaviour.
The main purpose of this numerical modelling is to represent the fractures considering shear strain localisation and to reproduce, as well as possible, the in situ measurements and observations with an isotropic model. This type of modelling, especially on a large repository scale and including desaturation of the clayey rock formation as well as solid grain compressibility, is not extensively performed nowadays. It constitutes the major novelty of this work.
Results and Discussion
Influence of in Situ Stresses and Permeability Anisotropies
Creation and evolution of the damaged zone can be observed through the evolution of shear strain localisation. The latter is not a priori assured to be symmetric around the gallery and many solutions could emerge (Sieffert et al. 2009 ). To avoid any early symmetry assumption, the excavation of a full gallery is firstly modelled in isotropic conditions assuming r x;0 ¼ r y;0 ¼ r z;0 ¼ 15:6 MPa and
The calculation is performed with b ¼ 1 and no ventilation. With a circular gallery and such isotropic state, it is not possible to trigger the shear strain localisation, and the deformation remains diffuse as shown in Fig. 12a . This figure presents the numerical results at the end of the excavation in terms of Von Mises' equivalent deviatoric total strain eq ¼ ffiffiffiffiffiffiffiffiffiffiffi 2 3 ijij q ; i.e., total deviatoric strain, and plastic zone, represented by the plastic loading mesh points. Strain localisation can be triggered through the introduction of an imperfection in the material as illustrated in Fig. 12b . The imperfection consists of weaker elements with lower initial saturated cohesion c 0 ¼ 2 MPa that are located at the gallery wall. However, in case of anisotropic stress state of the rock, r x;0 ¼ 15:6 MPa and r y;0 ¼ r z;0 ¼ 12 MPa; shear strain localisation appears without adding an imperfection in the rock. Figure 13 illustrates the evolution of the strain localisation around the gallery, during and after the drilling. The numerical results that are presented are the de-
; the total deviatoric strain and the plastic zone. The modelling exhibits a symmetric chevron fracture pattern around the gallery similar to in situ observations (see Fig. 4 from Armand et al. 2014; Cruchaudet et al. 2010b ). The chevron fractures appear during the excavation and are mainly concentrated Using Shear Strain Localisation to Model the Excavation Damaged Zone 703 Fig. 13 Evolution of strain localisation during and after gallery excavation (5 days of excavation), for a full gallery and an anisotropic rock state above the gallery because of the material anisotropic stress state. On the contrary, introducing only the anisotropy of the intrinsic water permeability, k xx ¼ 4 Â 10 À20 m 2 and k yy ¼ 1:33 Â 10 À20 m 2 ; does not lead to strain localisation unless an imperfection is introduced. It means that the appearance and shape of the strain localisation are mainly due to mechanical effects, linked to the anisotropic stress state.
Influence of Second Gradient Boundary Condition
The previous modelling highlights that the anisotropic stress state of the Callovo-Oxfordian claystone is at the origin of a symmetry in the localisation pattern around the gallery. Then, it would be convenient, in the following, to consider only a quarter of a gallery. However, in the context of second gradient theory, a boundary condition of higher order should be considered in addition to the classical boundary condition of constrained displacement perpendicular to the boundary (Zervos et al. 2001a ). This second kinematic condition specifies that the normal derivative of the radial displacement has to cancel on the symmetry axes.
To illustrate the necessity of this second gradient boundary condition, we compare the strain localisation pattern of Fig. 13 to the one obtained on a quarter of a gallery. The modelling on a quarter of a gallery is computed with the specific second gradient boundary condition, and, as previously, with b ¼ 1 and no ventilation. In Fig. 14, we can observe that using the second gradient boundary condition produces a shear strain localisation pattern that is similar to the full-gallery results. Thus, it is confirmed that, for calculation simplicity and symmetry reasons, a quarter of a gallery can be adopted for future modelling, provided that the specific second gradient boundary condition is used.
Influence of Biot's Coefficient
Even if strain localisation seems to be mainly controlled by mechanical effects, hydraulic conditions can also impact the fracturing pattern. Here, we focus on the influence of Biot's coefficient for the case without ventilation. In the first calculation, we assume that the solid grain skeleton is incompressible, which implies b ¼ 1 (Fig. 15) . In the second calculation, we use a value of b ¼ 0:6, which corresponds to the compressibility of solid grains commonly admitted for the Callovo-Oxfordian claystone (Fig. 16) . Comparison of Figs. 15 and 16 indicates that the Biot's coefficient significantly influences the shear band pattern. With a value of 0:6, less bands appear and the shear strain localisation is delayed. In fact, the strain remains diffuse until the fourth day of the excavation; nonetheless, the localisation appears before the end of the excavation. This can be explained by examining the stresses close to the gallery. At the gallery wall, the total stresses and the pore water pressure are imposed. Consequently, following Bishop's effective stress definition of Eq. (6), the lower the Biot's coefficient, the higher the effective stress at the gallery wall. This implies that the rock close to the gallery wall is more resistant and that the shear strain localisation appears later.
Influence of Gallery Ventilation
Let us now consider the modelling with the initial anisotropies, a Biot's coefficient value of 0.6 and the gallery ventilation. The drilling phase is not influenced by the ventilation, and the same results as in Fig. 16 are obtained until 5 days of computation. Nonetheless, the results obtained after the excavation, displayed in Fig. 17 , indicate that the suction imposed at the wall strongly influences the results. Following Bishop's effective stress definition, the higher the suction, the higher the effective stress (Fig. 22) . As noted before, this involves that the material is more resistant, and in this case, becomes elastic again close to the gallery. This inhibits the shear strain localisation around the gallery.
For this simulation, the extension of the EDZ in the rock, measured from the gallery wall up to the distance where strain localisation bands (total deviatoric strain) are observed, is detailed in Table 3 . It is in a satisfactory agreement with the in situ experimental measurements of shear fractures from the GED gallery (Fig. 5) , provided by Bordeau et al. (2007) and Armand et al. (2014) .
Various numerical results, coming from the gallery wall and the rock mass, are interpreted hereafter in order to emphasize the influence of the gallery air ventilation. Results for selected cross-sections and observation points on the gallery wall are presented in Fig. 18 . The results are compared for the cases considering (RH ¼ 80 %) or not (RH ¼ 100 %) the ventilation. Firstly, the evolution of pore water pressure for the vertical and horizontal cross-sections is detailed in Fig. 19 . In the rock mass, we observe an increase of pressure in the vertical direction and a decrease in the horizontal direction up to a radial distance of about 30 (m). The influence of the strain localisation bands, illustrated by the fluctuations of the pore water pressure in limited zones, is visible in the vertical direction. It can be mostly observed during the first 50 days of calculation, then it tends to vanish. This is due to the strain increment inside the bands (band activity) and the hydro-mechanical coupling. As expected, the influence Vertical downward 4.6 2.0 5.1 Fig. 18 Positions of cross-sections and gallery wall observation points of the ventilation is marked close to the gallery wall, but tends to disappear deeper in the rock. Secondly, the evolution of the water degree of saturation along the cross-sections is illustrated in Fig. 20 . For the modelling without ventilation, the influence of the strain localisation bands activity is also visible in the vertical direction, in the short term. Nevertheless, the claystone remains almost saturated at the gallery wall and fully saturated after a distance of 3 (m) in the rock. For the modelling with ventilation, a strong desaturation is observed close to the wall. Figure 21 illustrates the evolution of the water degree of saturation at the gallery wall and displays the desaturation more clearly.
Thirdly, the stress paths at the gallery wall are detailed in Fig. 22 , where q ¼ ffiffi ffi 3 p IIr is the deviatoric stress and
ii =3 is Bishop's mean effective stress. As mentioned before, in the case of ventilation, the effective stresses are much higher due to suction. This explains the difference between the stress paths of modelling with or without ventilation, after the end of the drilling phase.
Fourthly, Fig. 23 illustrates the displacement evolution along the vertical and horizontal cross-sections. In the vertical direction, a strong influence of the strain localisation bands is observed close to the gallery, until the end of the calculation. Horizontally, the cross-section does not go through the localisation bands. For the modelling without ventilation, the displacements are important during the excavation and keep increasing afterwards, in both directions. When ventilation is applied, the displacements do not increase much after the excavation. This can also be observed in the evolution of the gallery convergence in Fig. 24 , where a comparison with experimental results, from the same gallery of the Andra URL, is presented. These results come from measurement sections named OHZ120 A, B and C that are performed in the GED gallery (Cruchaudet et al. 2010b) . One can observe that vertical convergence is captured by our model quite well; on the contrary, horizontal convergence is still overestimated.
All these results are evidence that noticeable differences exist whether ventilation is applied or not. For the modelling with ventilation, p w remains negative close to the gallery (Fig. 19) , the effective stresses increase after the excavation (Fig. 22) and the material becomes elastic again. Consequently, the desaturation of the rock close to the gallery inhibits the shear strain localisation (Fig. 17) , which has the effect of restricting the further deformation. On the contrary, without ventilation, p w close to the gallery wall increases after the excavation (Fig. 19) , the effective stresses reduce (Fig. 22 ) and the material remains partly plastic close to the gallery (Fig. 16 ). This increases the deformation, and therefore the gallery convergence (Fig. 24) . Concerning the prediction of convergence in the short term, an anisotropy in a ratio of three is observed on in situ measurements of horizontal and vertical convergences (Fig. 24) . If we study the problem with an isotropic model, without considering strain localisation but modelling the gallery ventilation, we correctly reproduce the horizontal convergence, but not the vertical one (Fig. 25) . Similar results were obtained by Plassart et al. (2013) . Therefore, this type of approach fails to reproduce the in situ measurements. In this work, we want to demonstrate that the fracturing and strain localisation processes permit us to explain the convergence anisotropy. The fractures creation, globally above the gallery due to the material anisotropic stress state, indeed increases the vertical convergence, but the horizontal one as well (Fig. 24) . A good prediction of the vertical convergence is obtained, but the horizontal one is overestimated. In that direction, the proximity of the shear band localisation induces excessive deformations. In the long term, the delayed deformations that are observed in situ can be explained by consolidation and creep effects. In contrast to this, when gallery ventilation is numerically performed, the material close to the gallery wall becomes elastic again, and this phenomenon restricts plastic deformation and convergence in the long term.
Moreover, it is well known that the fracturing structure of the damaged zone varies when considering another initial stress state or another gallery direction for the considered host material (Armand et al. 2014) . The modelled gallery, drilled in the Callovo-Oxfordian claystone, is oriented in the direction of the minor horizontal principal stress, which leads to an anisotropic initial stress state. Since no other mechanical anisotropy is considered, this anisotropic initial stress state permits the appearance of shear strain localisation. Consider that a gallery oriented parallel to the major horizontal principal stress would lead Cruchaudet et al. (2010b) to a quasi-isotropic initial stress state (very low anisotropy). Unfortunately, this type of initial stress state does not permit the strain localisation appearance. In this case, the anisotropic rock behaviour should also be considered to model the fractures with shear bands, but as mentioned earlier, this is not the objective of this study.
To summarise, the modelling results of shear band pattern and its extension correspond fairly well to fracture observations and measurements. The convergence is well reproduced in the vertical direction. The shape of the chevron fractures, the anisotropy of the convergence and the differences between results in the horizontal and vertical directions can be well explained by the material anisotropic stress state, as well as by the strain localisation bands. Furthermore, even if important changes occur during the drilling, transient effects are observed after it. The influences of gallery ventilation, as well as of the strain localisation bands on the displacements, pore water pressures and degree of saturation, are highlighted.
To further improve the modelling, the anisotropic and viscoplastic behaviour of the material could be taken into account. The anisotropic behaviour would permit improvement of the convergence. For instance, the Callovo-Oxfordian claystone has a horizontal Young's modulus higher than the vertical one, which would reduce the horizontal convergence. Time-dependent effects, such as viscoplasticity, would allow to improve the long-term behaviour of the material and to reproduce the convergence when gallery ventilation is performed. Nonetheless, the objective of this study is not to perform numerical modelling including viscoplastic and anisotropic aspects of the material behaviour. How accurately we can reproduce the in situ measurements and observations with an isotropic model but incorporating the fracture modelling with strain localisation is to be investigated.
Conclusion and Outlooks
Following fracturing evidence, the second gradient theory is used to properly model the fractures around galleries, with strain localisation in shear band mode. The theory is successfully extended to multiphasic porous media under unsaturated conditions, and the solid grain compressibility is taken into account through the Biot's coefficient. By using the second gradient model, the excavation damaged zone around a gallery in claystone is fairly well reproduced. Within this zone, the modelling provides information about the fracture structure and its evolution that are in very good agreement with in situ observations and measurements. In fact, fracturing represented by strain localisation bands develops during the gallery excavation and the modelling exhibits a chevron fracture pattern around the gallery. The impacts of shear strain localisation bands and gallery ventilation on pore water pressures, degree of saturation and displacements are also highlighted. Regarding the influence of the gallery ventilation, a significant desaturation is observed close to the gallery wall, and tends to disappear deeper in the rock mass, where the claystone remains fully saturated. Moreover, the gallery convergence is well reproduced with its anisotropy, its long-term evolution and the influence of the rock desaturation. The anisotropic convergence is related to the material anisotropic stress state and to the strain localisation bands. Despite the good reproduction of the vertical convergence, the horizontal one has still to be improved, which leads to the need of a better definition of the rock anisotropy.
Furthermore, despite the fact that the modelling provides information about the rock structure within the damaged zone, the rock state and its properties changes still need to be improved. Characterising the influence of the rock fracturing or damage on the mechanical and hydraulic properties remains a major issue. Following the recommendations of Levasseur et al. (2009) , it would be necessary to develop a more accurate modelling of the rock anisotropy and of the hydro-mechanical coupling that occurs in the damaged zone. Different ways to introduce the structural inherent anisotropy of argillaceous rock in the mechanical constitutive model are possible, and to couple it to the localisation approach. Among others, we could consider the fabric tensor concept, which introduces Fig. 25 Evolution of the vertical (left) and horizontal (right) convergences during and after gallery excavation, with comparison to experimental results from Cruchaudet et al. (2010b) , for a modelling without strain localisation and including gallery ventilation a second order tensor describing the spatial distribution of the strength parameters, as proposed in homogeneous problems by Chen (2009 ), Chen et al. (2010 , Pietruszczak and Pande (2001) and Pietruszczak et al. (2002) . Concerning the hydro-mechanical coupling, it is known that permeability is not homogeneous in the damaged zone. One way to model it could be to introduce a permeability modification in the localisation bands by considering a dependency with a mechanical parameter, such as strain or plastic deformation, by extension of Levasseur et al. (2010) or Olivella and Alonso (2008) models.
